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Abstract: Aiming at problems of low energy storage efficiency 

and unstable energy output of existing accumulators, this paper 

proposes a novel constant pressure elastic strain energy 

accumulator based on the rubber material hyperelastic effect, 

which can store and release energy with steady constant pressure. 

Based on exergy analysis method, constant pressure elastic strain 

energy accumulator charging/discharging energy storage 

efficiency is analyzed. Then Mullins effect on the rubber airbag 

multiple charging/discharging cycles is studied. Finally, a test 

platform is set up to verify the energy storage efficiency, 

expansion and contraction pressure stability of the rubber 

accumulator during charging/discharging cycles. Compared with 

enthalpy analysis method, experiment results show that energy 

storage efficiency calculation by the exergy analysis method is 

more accurate. In more than 200 cycle tests, rubber airbag energy 

storage efficiency is always higher than 76%, and expansion 

pressure and contraction pressure errors under steady state are 

less than 2.92e-3MPa and 1.79e-3MPa, respectively. The results 

show that the rubber airbag can be used as an effective energy 

storage component, which is very meaningful for energy recovery 

in pneumatic or hydraulic systems. 

Keywords: Strain energy accumulator • Constant pressure energy 

supply • Energy storage efficiency • Exergy analysis• 
          Mullins effect 
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1 Introduction 

 

As common energy storage elements, accumulators are 

often used in hydraulic systems for energy recovery. 

Among them, the airbag type hydraulic accumulator is 

often used as an energy storage device in a hydraulic 

hybrid system to recover the energy generated when the 

car is braked and supply power when the car is restarted 

[1]. Studies have shown that the hydraulic hybrid 

technology has been applied to vehicles, fuel savings of 

12-25% can be achieved in urban areas and fuel savings 

of 6-10% can be achieved during long-distance driving 

[2-3]. However, because the airbag type hydraulic 

accumulator cannot store and release energy at a constant 

pressure, the energy is often not fully recovered and 

released due to the mismatch with the system pressure 

during the working process, resulting in energy waste [4]. 

Although the airbag accumulator is used as an auxiliary 

energy source and its power density meets use 

requirements, the volume energy density and weight 

energy density are obviously not enough [5], which make 

it difficult to apply hydraulic hybrid technology to small 

cars.  

Many scholars have conducted researches on hydraulic 

hybrid power systems and energy storage element 

accumulators. Qingyong Zhang [6] carried out theoretical 

analysis on the airbag type hydraulic energy storage of 

hydraulically driven hybrid vehicles; the results showed 

that under the same initial braking pressure, the pressure 

mailto:duhw_1984@dlmu.edu.cn
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growth rate and pressure change range in the chamber 

were smaller when the accumulator volume was larger. 

Under the requirement of vehicle braking performance, 

reducing the accumulator volume and charging pressure 

increased the specific energy of the energy storage 

element. Bo Wang et al. [7] proposed a new configuration 

of hydraulic hybrid electric vehicle based on compound 

accumulators. Simulation results showed that the 

hydraulic hybrid electric vehicle based on compound 

accumulators can switch the working timing of large and 

small accumulators to take into account the energy 

recovery rate and braking performance, when the braking 

deceleration was 1.5m/s2, the energy recovery rate was 

14.5% higher than that of a single accumulator; Yunsong 

Lu [5] presented that the use of two-phase media could 

stabilize the output pressure of the accumulator and 

increase the energy density of the accumulator by 3 to 5 

times, the difficulty was that the saturated vapor pressure 

was difficult to meet the ideal requirements. Yunsong Lu 

raised a cylinder accumulator using a multi-layer structure 

of carbon fiber and high-strength metal. When the 

working pressure was 100MPa, the energy density and 

specific energy were 105J/L and 14Wh/kg, which were 10 

and 20 times than existed rigid accumulators, but it still 

did not solved the problem of constant pressure energy 

storage and release, and the production cost was higher. 

Alexander P and Eric J. Barth [8] put forward a hydraulic 

strain energy accumulator by using elastomer with strain 

energy storage mechanism to obtain higher energy storage 

efficiency and energy density. Based on this, John T. 

Tucker [9] evaluated and verified the materials, and found 

that the energy density of polyurethane was 15.4kJ/kg 

when the loaded stress was 17.23MPa, the energy loss 

was 17.8%, and then designed a low-pressure prototype 

(the maximum filled liquid pressure was 0.38MPa), 

results showed that the energy storage efficiency of 

polyurethane in the accumulator exceeded 88%. Then a 

high-pressure prototype (the maximum filled liquid 

pressure was 2.41MPa) was gained and a higher energy 

density was obtained. Daniel N. Cramer and Eric J. Bart 

[10] conducted charging/discharging tests on rubber 

airbags of different materials, and concluded that latex 

airbag had ideal expansion and contraction behavior, and 

obtained the energy efficiency of the airbag with different 

inner diameters and materials. John M. Tucker and Eric J. 

Barth [11] established the mathematical model of energy 

density of hydraulic strain energy accumulator and 

analyzed the factors that affected energy density and gave 

corresponding solutions. Joshua J. Cummins et al. [12] 

established mathematical model of the charging/ 

discharging energy storage efficiency of pneumatic strain 

energy accumulators based on enthalpy analysis method, 

and explored the influence of the rubber Mullins effect on 

the expansion pressure, contraction pressure and energy 

storage efficiency of the device. But it did not reveal the 

energy loss inside the device.  

  From the above analysis, it is known that the expansion 

pressure of the strain energy accumulator based on rubber 

material is an effective energy storage device with high 

energy density and steady pressure output. The pressure is 

determined by material, wall thickness and radial 

expansion radius. However, there are two more problems 

needed to be further focused that the above researches 

have not involved. On the one hand, in order to adapt to 

system different pressure, it is necessary to customize the 

airbag. On the other hand, the device performance 

depends heavily on rubber material characteristics. With 

the increase of use times, the rubber material damage will 

increase, which will inevitably lead to the decline of the 

performance of the whole device.  

The key to solve the two problems is to do accurate 

energy analysis, which should be carried out 

simultaneously from the two perspectives of energy 

quantity and quality. The common enthalpy energy 

analysis method only analyzes the energy storage 

efficiency from the perspective of the amount of energy, 

and cannot reveal the qualitative changes of energy during 

the conversion or transfer process. At the same time, the 

method cannot fully reflect the loss within the system [13]. 

At present, an energy-saving analysis method widely used 

in industry is the exergy analysis method, which combines 

the "quantity" and "quality" of energy, scientifically 

analyzes the utilization of energy conversion and 

transmission, and it can truly reflect the external and 

internal losses in the process of energy utilization [14]. 

Kamran T and Rainer G [15] analyzed the energy-saving 

optimization scheme of industrial compressed air system 

based on the combination of exergy analysis method and 

energy efficiency method. The results showed that the 

exergy analysis method was more in line with the actual 

situation and could make more accurate decisions on 

energy saving of compressed air system. Hamidreza M 

and Xiaolin Wang [16] used exergy analysis to study the 

performance of the main components of a single-stage 

adiabatic compressed air energy storage system under 

different working conditions. 

To sum up, based on the work of literature [12], this 

paper mainly focuses on accurate energy storage 

efficiency model and influence of Mullins effect during 

the process of rubber airbag charging/discharging by 
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exergy analysis. First, the structure of the constant 

pressure elastic strain energy accumulator and the 

principle of constant pressure is explained. Then the 

specific modeling process is given, and a constant 

pressure elastic strain energy accumulator 

charging/discharging test platform is built to verify the 

difference between exergy analysis method and the 

enthalpy analysis method. Finally, combining with 

uncertainty analysis, the influence of Mullins effect on the 

charging/discharging performance of the rubber airbag is 

explored. 

 

2 Elastic strain energy accumulator design 

 

The structure of the constant pressure strain energy 

accumulator is shown in Fig 1, which is mainly composed 

of rubber airbag, rigid shield, fixed ring, quick coupling, 

etc. The rubber airbag is to store energy, the principle is 

that when the airbag is charged into the gas, the 

compressed gas does work on the airbag so the airbag is 

expanded, and the gas pressure energy converts into strain 

energy and is stored in the elastic body. When the airbag 

contracts and does work on the gas, the elastic body strain 

energy converts into pressure energy and releases the 

stored energy. The rigid shield is to limit the rubber airbag 

radial strain, on the one hand, it can increase the pressure 

during the charging/discharging process; on the other 

hand, it can prevent the rubber airbag from reaching the 

ultimate strain every expanded time and causing 

premature fatigue to ensure the device performance. The 

fixing ring is connected with the rigid shield and the quick 

coupling by interference fit to limit the position of the 

rigid shield and the quick coupling. 

 

 

Figure 1  Constant pressure elastic strain energy structure 

 

The constant pressure elastic strain energy accumulator 

characteristic is that it can expand and contract at a 

relatively constant pressure when charging/discharging. 

The charging/discharging pressure-volume curve is shown 

in Fig 2, and the rubber material typical stress-strain curve   

is shown in Fig 3.  

 

 

Figure 2  Charging/discharging P-V curve of rubber airbag 

 

 

Figure 3  Stress-strain curve of hyperelastic rubber 

 

The stress-strain curve in Fig 3 was divided into four 

regions. Region_(a) is the initial elastic modulus of rubber, 

which corresponds to the gas pressure rise stage in Fig 2. 

As more gas is filled, the stress on the rubber airbag 

increases, and the elastic modulus begins to decrease, 

corresponding to area_(b) in Fig 3. At this time, the rubber 

airbag undergoes hyperelastic deformation and begins to 

expand, resulted in a sudden increasement in the airbag 

volume. The gas pressure decreases as shown in Fig 2. 

Subsequently, the pressure continues to decrease until the 

elastic modulus of the expansion zone of the rubber airbag 

increases as shown in the region_(d), the elastic modulus at 

this stage is the same as the region_(a). The local increase 

of the elastic modulus is caused by the local strain 

hardening of the rubber material. At this time, the 

expansion area of the rubber airbag begins to move along 

the axial direction of the airbag with the minimum elastic 

modulus in the region_(c). When the expansion area moves 

in the axial direction, the pressure is not changed, while the 

volume continues to increase, corresponding to the flat 

area in Fig 2. 

The energy loss during the charging/discharging process  

is mainly caused by three factors: ①the rubber material 

mechanical properties(such as the Mullins effect, 

hysteresis effect, etc. causing material loss); ②the friction 

between the airbag and rigid shield during the 

charging/discharging process causes the energy loss; ③

Pressure loss due to the thermal change. The impact of the 

three factors on the rubber airbag directly reflected in the 

value of its contraction pressure lower than the expansion 

pressure, which leads to energy loss. The main factor 
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considered when analyzing the energy storage efficiency of 

the rubber airbag was the relationship between the 

expansion pressure and the contraction pressure of the 

rubber airbag. 

 

3.  Exergy storage efficiency analysis 

 

3.1  Enthalpy analysis method 

The calculation of the strain energy generated by the 

charging/discharging of the airbag by the enthalpy 

analysis method was based on the idea of the expansion 

energy to do work as shown in Fig 4. 

 

Fig 4  Charging/discharging process of rubber  airbag: Top: 

charged; Middle: hold; Bottom: discharged 

 

During charging, the gas expands and works to airbag, 

the airbag volume is charged. The gas pressure energy 

converts into elastic material strain energy and is stored in 

the elastic body. The energy was calculated as shown in 

Formula (1). 
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where Etot is the total energy of entered the airbag, Es is 

the strain energy produced by the expansion of the rubber 

material, EP is the gas pressure energy stored inside the 

airbag, V0 is the initial volume of the airbag, Vfull is the 

volume of the airbag after inflation, Pexp is the inflation 

pressure, and Patm is the atmospheric pressure. 

The discharging process is the inverse process of the 

charging process, and only need to modify corresponding 

integral limit. The ratio of discharging energy to charging 

energy is the energy storage efficiency of the airbag 

during charging/discharging process as shown in formula 

(2).   
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Where Pcon is Contraction pressure.  

It can be seen from formula (2) that when calculating 

the charging/discharging energy storage efficiency, it is 

necessary to know the expansion pressure, contraction 

pressure and expansion volume. The airbag volume is a 

dynamic change process, and the expansion volume and 

contraction volume at any time cannot be obtained by 

measurement, so the ideal gas state equation was used to 

calculate the airbag volume at any time during the 

charging/discharging process, which will cause a certain 

error. At the same time, the enthalpy analysis method 

cannot reflect the thermal changes influence on the 

energy storage efficiency, so it is necessary to analyze the 

energy storage efficiency of rubber airbags based on the 

exergy analysis method. 

 

3.2  Exergy analysis method 

Since energy conversion is related to environmental 

conditions and process characteristics, in order to 

measure the maximum energy conversion capacity, it is 

necessary to determine the zero energy state when 

calculating the exergy balance. This article adopts the 

environmental standards specified in GB/T 14909-94, 

P0=0.1MPa, T0=298.15K.  

The energy storage efficiency exergy analysis of the 

rubber airbag was based on the open thermal system 

exergy equation, and the following assumptions were 

made: ①The charging/discharging process is adiabatic, 

there is no heat exchange with the external environment; 

②The gas is assumed to be ideal gas, the kinetic and 

potential energy exergy of the gas are ignored; ③During 

the discharging phase, the gas can be completely 

discharged from the airbag; ④ The entire 

charging/discharging process is a steady state and steady 

flow condition. 

Based on the above assumptions, the system exergy 

change during charging can be obtained as formula (3). 

 

              
.1 .2x x s

e e w l                 ( 3 ) 

 

where ws is the output work in the charging stage, that is, 

the work done by the gas is charged into the airbag, that is, 

the strain energy es generated by the airbag inflation 

converted by the pressure energy. ex.1 and ex.2 are the 

specific flow exergy before and after the gas enters the 

airbag, which are calculated as formulas (4) and (5), l is 

the exergy loss, which mainly includes the damage of the 

rubber material during the conversion of pressure energy 

to strain energy. 
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= ln ln
x p p g

T p
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= ln ln
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Where P0 and T0 are the pressure and temperature of the 

reference environment, P1 and T1 are the pressure and 

temperature before the gas enters the airbag, P2 and T2 are 

the pressure and temperature after the gas enters the airbag 

to perform work on the airbag, Rg=0.287kJ/(kg·K) is the 

gas constant of air, and cp=1.004 kJ/(kg·K) is the constant 

pressure specific heat of air. 

In the first stage, the gas is charged the accumulator to 

apply work on the airbag. Assuming that the specific flow 

of the gas entering the airbag through the inlet of the 

control surface at this stage is ex.1; the gas is charged the 

airbag and works on the airbag, and the strain energy 

generated after the airbag is stably expanded is es.1, define 

es.1 as the revenue exergy of the system, ex.1 as the 

expenditure exergy, and the ratio of the two is defined as 

the exergy efficiency of the inflation stage as shown in 

formula (6). 

 

.1
.1

.1

s

ex

x

e

e
                   (6) 

 

In the second stage, the gas is discharged, and the airbag 

worked on the gas to convert strain energy into pressure 

the airbag through the outlet of the control surface at this 

stage is ex.2, and es.1 is defined as the payment exergy of the 

system, ex.2 is the revenue exergy of the system, and the 

ratio of the two is defined as the exergy efficiency in the 

discharging stage, as shown in formula (7). 

 

                  .2

.2

.1

x
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s

e

e
                  (7) 

 

Regarding the two stages as a whole, that is, the gas 

works on the airbag after charging to expand the airbag, 

and the airbag contracts when discharging. The exergy 

efficiency of the entire system is showed in formula (8). 
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4.  Experimental verification 

 

Through the cyclic charging/discharging tests of the 

rubber airbag, this paper mainly verified the following 

problems: ①The steady-state value of the expansion 

pressure, contraction pressure and energy storage 

efficiency during the cyclic charging/discharging process; 

②The exergy analysis method and the enthalpy analysis 

method were compared to verify the advantages of the 

exergy analysis method in calculating the rubber airbags 

energy storage efficiency. 

 

4.1  Experimental device and principle 

The test platform is shown in Fig 5, composed of a 

two-way mass flow sensor, a throttle valve, a pressure 

sensor, a temperature sensor, a three-position five-way 

solenoid valve, a power supply, a data acquisition card 

and control procedure (the acquisition control terminal 

was not shown in the figure). The constant pressure 

elastic strain energy accumulator used in the test was 

composed of a rubber air bag with an inner diameter of 

5mm and an outer diameter of 10mm and a rigid 

protective cover with an inner diameter of 29mm.  

The air supply pressure was adjusted to 0.4MPa by the 

pressure regulator. The compressed gas flowed through 

the three-position five-way solenoid valve through the 

bidirectional mass flowmeter, pressure sensor and 

temperature sensor, and then entered the rubber airbag. 

The three-way solenoid valve became a three-way valve 

by blocking an intake hole, and the charging/discharging 

cycle through three processes: First, in the charging stage, 

the solenoid valve spool moved to the left to connect the 

solenoid valve air inlet; The second stage was the holding 

stage, the solenoid valve spool moved to the middle 

position, the air inlet was closed, and the airbag kept 

expanding; Finally, in the discharging stage, the solenoid 

valve spool moved to the right. Because the air inlet was 

blocked, the gas would not enter the air bag, but the gas 

in the air bag was discharged into the atmosphere through 

the left exhaust port of the solenoid valve. Bidirectional 

mass flowmeter, pressure sensor and temperature sensor 

were used to measure the mass flow, pressure and 

temperature in and out of the airbag. Two throttle valves 

were installed on both sides of the mass flowmeter to 

control the gas flow within the measurement range of the 

mass flowmeter. The opening and closing of solenoid 

valve and data acquisition were programmed in the 

Simulink.  
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Fig 5  Constant pressure strain energy accumulator charging 

/discharging energy storage efficiency test bench 

 

A charging/discharging cycle took 5s, including 

charging time 0.8s, holding for 2s, and then discharging. 

Five charging/discharging periods were set for the tested 

airbag, and each period includes 40 charging/discharging 

cycles, and a 10 minute recovery period was set between 

each period. The data of five periods were processed as 

independent samples. In order to weaken the Mullins 

effect, 15 pre-inflation cycles were performed before the 

test. All pressures were converted to absolute pressures. 

  The airbag volume dynamic change in charging stage is 

shown in Figure 6. At the initial charging stage, the airbag 

formed a bubble, with the continuous gas was filled, the 

bubble continued to expand radially until it contacted with 

the rigid shield, and then continued to expand along the 

axial direction. 

It should be noted that the bubble location is not fixed. 

When the bubble appears at the top (away from the 

charging end) or the middle of the airbag, it will lead to 

the rubber airbag undesirable expansion behavior as 

shown in Figure 7. In this way, the rubber airbag cannot 

expand completely, and the energy storage capacity will 

be greatly reduced. Daniel N Cramer [10] observed the 

same phenomenon when experimenting with different 

rubber airbags. In order to obtain the ideal expansion 

behavior, the airbag basement (gas inlet) was pre-strained 

before charging to make the bubble appear at the airbag 

basement. At the same time, medical lubricant was used 

to lubricate the airbag and the rigid shield to reduce the 

friction. 

 

 

Fig 6  Airbag charging process: a) bubbles appear; b) bubble 

expand along the axial direction; c) expansion completed 

 

 

Fig 7  Non-ideal expansion behavior of airbag 
 

Obtaining the pressure, flow and temperature of the 

airbag from the sensor. The value of a certain cycle is 

shown in Figure 8 -10. 

 

 

Fig 8  Relationship between pressure and time of a 

charging/discharging cycle 

 

 

Fig 9  Relationship between mass flow and time of a 

charging/discharging cycle 
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Fig 10  The relationship between temperature and time of a 

charging/discharging cycle 

For Fig 8, it can be seen that in initial charging stage, 

gas continued to enter the airbag, and the pressure 

continued to rise, which will form a pressure peak until 

the bubble was formed. When the bubble formed, the 

pressure began to drop. A slight decrease in pressure 

during the maintenance phase indicated existed gas 

leakage. The airbag experienced a relatively constant 

pressure contraction when discharging. The positive peak 

of the mass flow curve in Fig 9 represented the charging 

phase, and the negative peak represented the discharging 

phase. The temperature change of a charging/discharging   

cycle is shown in Fig. 10. The difference between the 

maximum temperature and the minimum temperature was 

only 0.04 ℃, indicating that the charging/discharging 
process is an isothermal process. 

 

4.2  Data processing and calculation 

It is necessary to know the expansion pressure, 

contraction pressure, gas temperature and gas quality of 

each cycle when calculating the rubber airbag energy 

storage efficiency. 

The gas quality entering and leaving the airbag can be 

obtained by integrating the mass flow. The integration of 

the mass flow will cause data drift [12]. The integrated 

gas quality was adjusted according to the three adjustment 

principles proposed in the literature [12]:①The total mass 

of each cycle should start and end from zero; ②The later 

data points have a larger uncertainty range than the 

previous data points; ③The overall shape of the data can 

be scaled, but should remain unchanged. The quality and 

adjusted data of the gas entering and exiting the airbag 

during a charging/discharging cycle are shown in Fig 11. 

After integrating the mass flow rate, the airbag volume 

change at any time can be obtained by the ideal gas state 

equation, and then the pressure-volume curve of 

charging/discharging cycle can be obtained by combining 

the volume and pressure at each time, as shown in Figure 

12. The red solid line represents the charging stage, and 

the blue dotted line represents the discharging stage. It 

can be seen that the airbag volume experienced 

continuous expansion/contraction and relatively constant 

pressure in the charging/discharging stage, indicating the 

rubber airbag had constant pressure charging/discharging 

characteristics. 

The pressure average value between two squares 

represents expansion pressure and pressure average value 

between two triangles represents contraction pressure. 

The expansion pressure and contraction pressure of the 

airbag in 5 test cycles are shown in Fig 13. 

 

 
Fig 11   Relationship between gas quality and time before and 

after adjustment 

 

 

 
Fig 12  Relationship between the pressure and volume of a 

charging/discharging cycle 

 

Fig 13  5 test periods changes in expansion pressure and 

contraction pressure 

 

From Figure 13, it can be seen that the expansion 

pressure and contraction pressure decreased in five test 
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periods, which indicated the Mullins effect influences on 

expansion pressure and contraction pressure. The 

expansion pressure and contraction pressure in the initial 

charging/discharging stage of the latter test cycle were 

both greater than those in the latter half of the previous 

cycle, which was caused by the fact that the airbag 

experienced a 10-minute recovery period after each test 

period. In the second half of each period, the expansion 

pressure and contraction pressure decreased slowly, which 

indicate that the rubber material has good resilience. 

Expansion pressure, contraction pressure and 

temperature data obtained from each charging/discharging 

cycle were substituted into Formula (6) and (7) to obtain 

the exergy changes of the gas inside and outside the 

airbag, as shown in Fig 14. Exergy storage efficiency of 

airbag charging/discharging cycle can be calculated from 

Formula (8), as shown in Fig 15. 

 

 

Fig 14  5 test periods in and out of the airbag exergy value 

 

 

Fig 15  Efficiency changes in 5 charging/discharging periods 

 

According to Fig 14, it can be seen that the energy 

storage efficiency in the first cycle was lower, improved 

and tended to be stable in the subsequent cycles, because 

the rubber airbag was not softened under the loaded 

before the first charging/discharging cycle, so in the first 

cycle, the pressure energy had a large loss during 

transforming into strain energy. In the subsequent cycles, 

because the rubber airbag had been softened, the energy 

loss will be reduced when the gas overcame the elastic 

force of the rubber airbag and worked to convert the 

pressure energy into strain energy. The energy storage 

efficiency will be significantly improved and stabilize in 

the subsequent cycles. 

 

5  Steady state characteristic analysis 

 

The main indexes to measure the constant pressure elastic 

strain energy accumulator quality are whether the 

expansion pressure, contraction pressure and energy 

storage efficiency can always keep stable in 

charging/discharging cycles. As an energy storage 

component, due to the Mullins effect and hysteresis effect, 

the rubber airbag   performance inevitably decreased 

during the charging/discharging cycles. The performance 

changes eflected in the changes of expansion pressure, 

contraction pressure and energy storage efficiency. 

Through the uncertainty analysis to determine whether the 

airbag performance after multiple charging/discharging 

cycles can meet the use requirements. 

  Calculated the average μ, standard deviation σ and the 

standard deviation SD μ of the average value of 40 cycles 

of each test as shown in formula (9)(10)(11). 
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/SD n                  (11) 

 

Where n is the total number of data points, xi is the 

value of the i-th data point. Due to the Mullins effect, the 

data obtained from the first charging/discharging cycle 

will be very different from the subsequent data. Therefore, 

the first charging/discharging cycle data in every period 

was discarded in the uncertainty analysis. The average 

value and standard deviation of each parameter in the 

charging/discharging cycle are shown in Table 1 to 3. 

From table 1 and 2, it can be seen that the expansion 

pressure average value decreased by 6e-3MPa and the 

contraction pressure average value decreased by 4e-3MPa 

in the five test periods, and the standard deviations were 

2.92e-3mpa and 1.79e-3mpa respectively. According to 

the table 3, it can be seen that the energy storage 

efficiency average value change in five test periods was 

0.2%, and the standard deviation was 0.317%. The above 
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data show that the rubber airbag has good mechanical 

properties in multiple charging/discharging cycles. 

 

Table 1  Expansion pressure Average value and standard 

deviation 

Test Mean(MPa) Standard deviation(MPa) 

1 0.190 0.00243 

2 0.186 0.00175 

3 0.186 0.00146 

4 0.184 0.00168 

5 0.184 0.00162 

5 cycle average 0.186 0.00292 

 

Table 2  Contraction pressure average value and standard 

deviation 

Test Mean(MPa) Standard deviation(MPa) 

1 0.163 0.00131 

2 0.161 0.00118 

3 0.160 0.00105 

4 0.159 0.00087 

5 0.159 0.00090 

5 cycle average 0.160 0.00179 

 

Table 3  Energy storage efficiency average value and 

standard deviation  

Test Mean(%) Standard deviation(%) 

1 76.2 0.510 

2 76.4 0.202 

3 76.2 0.197 

4 76.3 0.294 

5 76.2 0.209 

5 cycle average 76.3 0.317 

  In the previous work, the energy storage efficiency 

model was established based on the enthalpy analysis 

method and the experimental analysis was carried out (the 

results are shown in Table 4). In 200 charging/discharging 

cycles, the energy storage efficiency error was 0.584%, 

and the energy storage efficiency was 76.9%. 

 

Table 4  Energy storage efficiency average and standard 

deviation 

Test Mean (%) Standard deviation (%) 

1 76.4 0.499 

2 76.8 0.559 

3 76.8 0.524 

4 76.6 0.583 

5 76.5 0.541 

5 cycle average 76.9 0.584 

 

It can be seen from table 3 and 4 that the standard 

deviation of the energy storage efficiency average value 

calculated based on the enthalpy analysis method was 

0.317%, and the standard deviation of the energy storage 

efficiency average value calculated based on the enthalpy 

analysis method was 0.584%, which indicates that the 

energy storage efficiency accuracy calculated by the 

exergy analysis method is higher than that calculated by 

the enthalpy analysis method. 

 

6  Conclusion and outlook 

 

Aiming at the problem of insufficient energy storage 

efficiency modeling with enthalpy analysis method, this 

paper proposed to establish the rubber airbag 

charging/discharging energy storage efficiency model 

based on exergy analysis method and built the test 

platform to verify energy storage efficiency. The 

following conclusions were drawn: ①The experiment 

confirmed that the energy storage efficiency model error 

based on the exergy analysis method reduced by 0.267% 

compared with the enthalpy analysis method, which 

proved the exergy analysis method relative accuracy；② 

The Mullins effect mainly reflected in the expansion 

pressure and contraction pressure changes during 

charging/discharging cycles. The expansion pressure 

average value decreased by 6e-3MPa and contraction 

pressure average value decreased by 4e-3MPa, and the 

standard deviation were 2.92 e-3 MPa and 1.79 e-3 MPa, 

respectively.  

This paper verified that the constant pressure strain 

energy accumulator can store and release energy with 

relatively constant pressure, and had high energy storage 

efficiency. The future work plan is to explore the 

combination relationship between the size of rigid shield 

and rubber airbag to maximize the energy storage 

efficiency. 
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Figures

Figure 1

Constant pressure elastic strain energy structure

Figure 2

Charging/discharging P-V curve of rubber airbag



Figure 3

Stress-strain curve of hyperelastic rubber

Figure 4

Charging/discharging process of rubber airbag: Top: charged; Middle: hold; Bottom: discharged



Figure 5

Constant pressure strain energy accumulator charging /discharging energy storage e�ciency test bench

Figure 6

Airbag charging process: a) bubbles appear; b) bubble expand along the axial direction; c) expansion
completed



Figure 7

Non-ideal expansion behavior of airbag

Figure 8

Relationship between pressure and time of a charging/discharging cycle



Figure 9

Relationship between mass �ow and time of a charging/discharging cycle



Figure 10

The relationship between temperature and time of a charging/discharging cycle

Figure 11

Relationship between gas quality and time before and after adjustment

Figure 12

Relationship between gas quality and time before and after adjustment



Figure 13

5 test periods changes in expansion pressure and contraction pressure

Figure 14

5 test periods in and out of the airbag exergy value



Figure 15

E�ciency changes in 5 charging/discharging periods


